A multiscale approach to detect selection in nonmodel tree species: widespread adaptation despite population decline in Taxus baccata L by Mayol, Maria et al.
Evolutionary Applications. 2019;00:1–18.	 	 	 | 	1wileyonlinelibrary.com/journal/eva
 
Received:	5	December	2018  |  Revised:	18	June	2019  |  Accepted:	24	June	2019
DOI: 10.1111/eva.12838  
O R I G I N A L  A R T I C L E
A multiscale approach to detect selection in nonmodel tree 
species: Widespread adaptation despite population decline in 
Taxus baccata L
Maria Mayol1  |   Miquel Riba1,2  |   Stephen Cavers3  |   Delphine Grivet4,5  |   






































Detecting	 the	molecular	basis	of	 local	adaptation	and	 identifying	selective	drivers	
is	 still	 challenging	 in	 nonmodel	 species.	 The	 use	 of	 purely	 population	 genetic	 ap‐
proaches	 is	 limited	by	 some	characteristics	of	genetic	 systems,	 such	as	pleiotropy	





bined	 information	 from	 two	 independent	 sources,	 phenotypes	 in	 a	 common	envi‐
ronment	 and	 genomic	 data	 in	 natural	 populations,	 to	 investigate	 the	 signature	 of	
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1  | INTRODUC TION
Understanding	adaptive	genetic	 responses	 to	climate	 is	crucial	 for	
preserving	 biological	 diversity	 and	 predicting	 future	 evolution‐
ary	responses,	particularly	for	many	forest	trees	that	are	keystone	
species	within	 the	 ecosystem.	 In	 the	 past	 few	 years,	 the	 increase	
in	forest	tree	genomic	resources,	coupled	with	the	development	of	







vironmental	variables	 included	 (Ahrens	et	 al.,	2018).	On	 the	other	
hand,	and	despite	the	considerable	effort	made	to	discern	between	









investigating	 convergent	 adaptation	 to	 climate	 in	 distantly	 related	
conifers	 (Pinus contorta and Picea glauca	 complex),	 the	authors	did	
not	 correct	 by	 population	 structure	 but	 assumed	 that	 significant	




From	 a	 biological	 point	 of	 view,	 an	 additional	 and	 particularly	
important	 limitation	 is	 that	most	methods	 are	 designed	 to	 detect	






cusing	 on	 single	 genes	 to	 polygenic	 approaches	 based	 on	 biologi‐
cally	meaningful	 groups	of	genes	 that	underpin	processes	 such	as	
metabolic	pathways	(e.g.,	Daub	et	al.,	2013;	Daub,	Moretti,	Davydov,	






The	 characteristics	 of	 genetic	 systems,	 such	 as	 pleiotropy	 and	
polygenic	control,	place	 limits	on	 the	use	of	purely	population	ge‐
netic	approaches	to	infer	local	adaptation,	known	as	“reverse	ecol‐
ogy”	 (Li,	 Costello,	 Holloway,	 &	 Hahn,	 2008).	 To	 successfully	 use	
genomic	analyses	to	detect	the	molecular	basis	of	local	adaptation	
and	identify	selective	drivers	require	support	from	organism‐based	
approaches	 (Tiffin	 &	 Ross‐Ibarra,	 2014).	 Unfortunately,	 in	 many	


















rary	 environmental	 data.	 However,	 in	 tree	 populations,	 time	 lags	
may	develop	in	genotype–environment	associations	and	persist	for	
many	 generations	 as	 a	 consequence	of	 long	 generation	 times	 and	
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including	 known	 candidate	 genes	 for	 climate	 adaptation	 in	 forest	
trees.	Then,	we	inferred	the	demographic	history	of	populations	and	
applied	several	methods	to	investigate	the	signature	of	selection	at	
single‐locus	 (SNP)	and	multilocus	 (gene,	biological	pathway)	 levels.	
Since	neutral	genetic	diversity	at	the	whole	distribution	level	bears	
the	signature	of	potential	adaptation	 to	present	and	past	environ‐


















characterized	 by	 a	 strong	 and	 continuous	 reduction	 of	 the	 effec‐




The	 small	 populations	 typical	 of	 English	 yew	 are	 predicted	
to	 have	 restricted	 capacity	 to	 adapt	 to	 environmental	 change	 be‐




be	 enhanced	 in	 small,	 fragmented	populations	 (Willi,	 Van	Buskirk,	
Schmid,	&	Fischer,	2007).	Consistent	with	these	results,	the	signa‐
ture	of	ongoing	or	recently	completed	selection	was	found	in	some	
of	 the	genes	 involved	 in	 taxol	biosynthesis	 in	 Iberian	yew	popula‐
tions,	despite	a	clear	signature	of	recent	(2,000–3,000	generations)	
bottlenecks	 (Burgarella	et	al.,	2012).	Our	goals	were	thus	 (a)	to	 in‐







2  | MATERIAL S AND METHODS
2.1 | Phenotypic variability in a common garden
The	analysis	of	phenotypic	variation	was	carried	out	in	the	Valsaín	
clonal	 bank,	 located	 in	 central	 Spain	 (Segovia,	 40º54′38″N,	





distribution	 of	 the	 species,	 populations	 are	 easily	 defined	 as	 a	
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group	of	reproducing	individuals	growing	along	ravines	or	hillsides	
and	 readily	 identified	 in	 the	 landscape.	Clones	were	propagated	
through	stem	cuttings	 in	growth	chambers	and	 later	 transferred	
outdoors.	Plants	were	planted	2–3	m	apart	 in	a	 row	and	column	
layout	 without	 following	 any	 particular	 randomized	 design,	 re‐









shrub,	 individual	growth	was	estimated	as	the	volume	(diameter2 * 
length,	in	mm3)	of	the	leading	current‐year	shoot	located	in	the	two	











assessed	 by	 comparing	 the	 ratio	 of	 shoot	 length	 produced	 before	
the	onset	of	 summer	drought	 (May‐June)	 to	 the	 total	 shoot	 length	
attained	 at	 the	 end	 of	 the	 growing	 season	 (October‐November).	
Measures	of	length	were	taken	on	the	leading	current‐year	shoot	of	
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temperate,	and	coastal	ones	 (see	Results).	Based	on	 these	 results,	




populations	were	 sampled	 from	 locations	where	 suitable	 environ‐





















used	 to	 compute	Ka/Ks	 and	 detect	 additional	 potential	 candidates	
under	moderate/high	positive	evolution	(Ka/Ks	>	0.5	for	comparisons	





Finally,	 we	 completed	 our	 design	 including	 516	 genes	 with	
>	 450	 bp	 length	 for	 which	 functional	 annotation	 was	 available	
(753,183	 bp),	 despite	 not	 being	 selected	 as	 candidates	 initially	 by	
any	of	the	two	approaches.	Thus,	the	final	number	of	genes	included	
in	the	study	was	1,134	(1,550,635	bp).
2.4 | Probe design, library construction, and 
targeted sequencing
Selected	 genes	 were	 sequenced	 in	 the	 120	 yew	 trees	 by	 a	 se‐
quence	capture	approach	using	a	custom	SeqCap	EZ	design	(Roche	
NimbleGen	 Inc,	 Basel,	 Switzerland)	 followed	 by	 next‐generation	
sequencing	of	captured	regions	on	an	Illumina	platform.	Probes	were	
designed	by	Roche	Tech‐Support	in	Madison	(WI,	USA)	starting	from	
the	 selected	 1,134	 gene	 sequences	 (about	 1.6	Mbp	 of	 target	 se‐
quence	in	total).	Library	preparation	and	targeted	sequencing	were	
outsourced	to	IGA	Technology	Services	(Udine,	Italy).	Libraries	were	





















reduced	 the	 SNP	dataset	 to	 36,028	 SNPs.	 This	 dataset	was	 addi‐
tionally	filtered	by	removing	SNPs	that	showed	a	significant	hetero‐
zygote	excess	in	≥4	populations	to	minimize	the	impact	of	putative	
paralogous	 loci	 on	 data	 analysis,	 leaving	 a	 final	 dataset	 of	 25,726	
SNPs	spanning	1,128	genes	(six	out	of	the	initial	1,134	genes	were	
discarded	because	of	low	sequence	quality).





computed	 using	 mstatspop	 (https	://bioin	forma	tics.crage	nomica.es/
numge	nomic	s/peopl	e/sebas/	softw	are/softw	are.html)	 on	 concat‐
enated	 sequence	 files,	 both	 considering	 all	 populations	 together	
and	separately	for	distinct	geographic	regions	(Bosnia‐Herzegovina,	
Iberian	Peninsula,	Slovakia,	Switzerland	and	United	Kingdom,	Table	
S2).	 Average	 inbreeding	 coefficients	 (F)	 and	 pairwise	 relatedness	
(unadjusted	 Ajk	 statistic,	 Yang	 et	 al.,	 2010)	 were	 computed	 using	




Population	 genetic	 structure	was	 analyzed	 using	 the	 program	
faststructure (Raj,	 Stephens,	 &	 Pritchard,	 2014),	 from	K	 =	 1	 (i.e.,	
no	 structure)	 to	K	 =	 12	 (the	 number	 of	 localities	 in	 our	 sample).	
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Runs	were	 repeated	 three	 times,	 and	 averaged	Q‐values	 (i.e.,	 the	
individual	 assignment	 probability	 to	 each	 of	 the	 K	 groups)	 were	
used	to	draw	pie	charts	in	Figure	2.	In	a	previous	study,	Burgarella	 
et	al.	(2012)	showed	strong	demographic	decline	(based	on	nuSSRs)	





mutation	 rates	 for	 conifers	 in	Chen,	Uebbing,	 et	 al.	 (2012)	 and	 a	
generation	 time	 for	 English	 yew	 of	 50	 years	 (Thomas	&	 Polwart,	
2003).	 Median	 estimates	 of	 the	 population	 size	 and	 confidence	 
intervals	were	estimated	with	the	built‐in	bootstrap	function	using	
200	replicates	of	the	input	file.
2.6 | Detecting signatures of selection at SNP, 
gene, and pathway level
We	 combined	 several	 approaches	 to	 investigate	 the	 contribution	
of	 natural	 selection	 to	 genetic	 adaptation	 in	 English	 yew.	 First,	
we	searched	for	signals	of	selection	at	the	single‐locus	 (SNP)	 level	
using	two	environmental	association	approaches	that	take	into	ac‐
count	 population	 genetic	 structure	 to	 avoid	 false	 positives:	 bayes-
cenv	 (Villemereuil	 &	 Gaggiotti,	 2015)	 and	 baypass	 (Gautier,	 2015).	
For	each	population,	we	downloaded	the	climatic	information	avail‐
able	at	the	WorldClim	database	(Hijmans,	Cameron,	Parra,	Jones,	&	











were	 taken	with	10	 steps	between	each	 sample.	 For	baypass	 runs,	
standardized	variables	were	run	using	default	parameters	under	the	
standard	model	 (STD	 in	Gautier,	2015).	We	retained	all	 significant	








we	 then	 counted	 the	 total	 number	 of	 SNPs	 (n)	 and	 the	 number	
of	SNPs	with	significant	climate	correlations	(a).	Then,	to	identify	
candidate	 genes	 potentially	 under	 selection,	 we	 compared	 the	
number	 of	 SNPs	 related	 to	 climate	 in	 each	 gene	 to	 the	 0.9999	
quantile	 of	 its	 binomial	 expectation,	 considering	 the	 expected	
frequency	 of	 SNPs	 related	 to	 climate	 per	 gene	 to	 be	P	 =	 ∑iai/ni 




the	 results	 of	 this	 approach	 with	 those	 obtained	 with	 the	 SNP	
analyses	and	retained	only	those	genes	that	also	had	at	least	two	









Third,	 we	 used	 a	 complementary,	 independent,	 procedure	 to	







way	 list	by	 retaining	only	known	pathways	 in	plants,	most	of	 them	
having	an	Arabidopsis thaliana	reference	map.	The	final	dataset	thus	
consisted	of	390	distinct	genes	that	were	mapped	on	60	pathways,	




















3.1 | Adaptive variation at the phenotypic level
The	 analysis	 of	 growth	 showed	 significant	 differences	 between	
sexes	(F1,	66.03	=	4.65;	p	<	0.05).	Males	showed	higher	annual	growth	
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than	females	(Figure	S1).	We	also	found	differences	among	popula‐
tions	across	years	(Population	by	Year	interaction:	F75,	650.02 = 1.85; 
p	<	0.001).	However,	 relative	differences	among	populations	were	
quite	 consistent	 across	 years	 (Figure	 S2).	 We	 also	 found	 signifi‐
cant	 negative	 correlations	 between	 mean	 population	 growth	 and	













































Nucleotide	 diversity	was	 consistently	 lower	 at	 southern	 latitudes,	
that	is,	Bosnia‐Herzegovina	and	the	Iberian	Peninsula.	None	of	the	
individuals	 sampled	was	suspicious	 to	be	 replicated	due	 to	clonal‐
ity,	 since	 high	 values	 of	 pairwise	 relatedness	 (>0.6)	 within	 each	
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population	were	restricted	to	the	comparisons	of	an	individual	with	
itself	(Table	S4).
Population	 genetic	 structure	 showed	 an	 optimal	 partition	 into	
two	 genetic	 pools	 located	 at	 the	 eastern	 (Bosnia‐Herzegovina,	
Slovakia)	and	western	(Iberian	Peninsula,	United	Kingdom)	parts	of	
the	 distribution	 (Figure	 2),	with	 a	 contact	 admixture	 zone	 in	 cen‐
tral	 Europe	 (Switzerland).	 All	 the	 additional	 partitions	 (K	 =	 3–12)	




Demographic	 inference	 based	 on	 stairway plot revealed a de‐
crease	 in	 effective	 population	 size	 for	 all	 populations	 starting	
around	400,000–600,000	years	ago	(Figure	4).	Since	then,	the	de‐




ago	 (Figure	 4).	 The	 remaining	 Swiss	 population	 (WALL)	 and	 those	
from	the	Eastern	Europe	yew	range	(Bosnia‐Herzegovina,	Slovakia),	
however,	 seem	 to	 have	 maintained	 high	 (7,000–20,000	 individu‐






















The	 distribution	 of	 allelic	 frequencies	 in	 relation	 to	 climate	 of	
significant	 SNPs	 from	 the	 11	 top	 candidate	 genes	 confirmed	 that	
associations	were	not	due	to	population	structure	or	demographic	
processes	 affecting	 particular	 geographic	 regions	 (Figure	 5	 and	
Figure	S6).	For	 instance,	 for	 the	putative	pseudo‐response regulator 
7	gene	(PRR7),	a	significant	higher	frequency	(F1,10 = 19.13; p	<	0.01)	
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their	geographic	 location	 (Figure	5).	The	minor	allele	 frequency	of	
SNP4561	from	early‐responsive to dehydration stress	gene	(ERD4)	in‐
creased	with	 precipitation	 of	 the	 driest	month,	 being	 significantly	
higher	 in	 those	 populations	 with	 minimum	 precipitation	 above	
60	mm	(F1,10 = 8.50; p	<	0.05).	Minor	allele	frequencies	of	SNP19480	
(acetyl‐CoA carboxylase 1)	 and	 SNP346	 (senescence‐associated E3 
ubiquitin ligase 1)	 increased	 significantly	 in	 those	 populations	with	
annual	mean	temperature	above	8ºC	(F1,10 = 3.81; p	=	0.08)	and	min‐
imum	temperature	of	the	coldest	month	above	−3°C	(F1,10	=	62.24;	
p	<	0.001),	respectively	(Figure	5).
Similar	 numbers	 of	 environmental	 correlations	were	 found	 for	










CoA carboxylase 1	 gene	 was	 shared	 between	 four	 different	 path‐
ways,	that	is,	fatty acid biosynthesis,	pyruvate metabolism,	propanoate 
metabolism, and AMPK signaling	pathway.	Interestingly,	although	the	
remaining	388	genes	that	could	be	mapped	on	the	pathways	showed	
no	signs	of	selection	when	analyzed	individually	at	the	SNP	or	the	
gene	 level,	we	were	able	 to	detect	a	 total	of	 seven	pathways	 that	
were	globally	enriched	for	signals	of	selection	after	removing	gene	
redundancy	 (Q‐value	 <	 0.15;	 Figure	 6).	 Five	 pathways	 (circadian 
rhythm‐plant,	mRNA surveillance,	 phagosome,	 spliceosome,	 and	Wnt 
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signaling)	 showed	significantly	 lower	values	of	πa/πs	 relative	 to	 the	
total	number	of	pathways	analyzed,	indicating	constrained	adaptive	
evolution	 (Table	3).	This	was	because	many	genes	 (>25%)	 in	 these	
pathways	 had	 no	 variation	 for	 nonsynonymous	mutations,	 that	 is,	
were	 highly	 conserved	 (Table	 S5).	 The	 Oxidative phosphorylation 
pathway	had	significantly	lower	global	values	of	π,	pointing	also	to	









complementary	 approaches	 for	 detecting	 selection	 to	 overcome	
limitations	 inherent	 in	 testing	 them	 individually.	 For	 instance,	 the	
clinal	 pattern	 found	 for	 phenological	 traits	 (i.e.,	male	 strobili	mat‐
uration,	proportion	of	 late	growth)	suggests	 the	existence	of	 local	
adaptations	at	 the	 Iberian	 scale,	 and	 this	 assumption	 is	 reinforced	









some	 evidence	 supporting	 the	 contribution	 of	 past	 climate	 to	 the	
potentially	 adaptive	 genetic	 variation	observed.	Below	we	discuss	
these	findings	within	the	context	of	the	demography	of	the	species	
while	considering	their	potential	limitations	and	caveats.
4.1 | Evidence of selection in response to past and 
recent climate despite demographic decline
Using	extensive	genetic	resources	 (1,128	genes	and	25,726	SNPs),	




consistent	 across	 populations,	 suggesting	 that	 common	 factors	
may	 underlie	 demographic	 processes	 in	 this	 species	 and	 confirm‐
ing	on	a	wider	scale	previous	reports	from	the	Iberian	populations	
F I G U R E  5  Geographic	distribution	of	minor	allele	frequency	for	single	SNPs	of	four	top	candidate	genes	and	their	relation	to	climate.	
ERD4:	early‐responsive to dehydration stress protein	(SNP4561,	G/A	SNP,	A	allele	plotted);	PRR7:	pseudo‐response regulator 7	(SNP5227,	T/C	
SNP,	C	allele	plotted);	ACC1:	acetyl‐CoA carboxylase 1	(SNP19480,	G/C	SNP,	G	allele	plotted);	SAUL1:	senescence‐associated E3 ubiquitin ligase 
1	(SNP346,	T/C	SNP,	C	allele	plotted).	The	size	of	the	circle	is	proportional	to	allele	frequency.	Precipitation	and	temperature	variables	are	
shown	in	blue	and	red,	respectively.	Darker	colors	indicate	higher	values	of	climatic	variables
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cies	as	a	whole,	which	 suggests	 that	habitat	 suitability	 for	English	
yew	 has	 been	 worsening	 for	 the	 last	 several	 millennia,	 a	 pattern	
that	 is	also	evident	 in	most	European	pollen	records	since	the	 last	
interglacial	period	 (c.	115,000–130,000	year	BP;	Turner,	2000;	de	
Beaulieu	et	al.,	2001;	Koutsodendris	et	al.,	2010).	We	found,	how‐
ever,	 that	 one	 population	 from	Switzerland	 and	 the	 two	 from	 the	
eastern	range	(Bosnia‐Herzegovina,	Slovakia)	were	characterized	by	
stable	and	 larger	population	 sizes,	which	 is	 in	agreement	with	 the	
pattern	of	decreasing	genetic	diversity	from	east	to	west	reported	
for	English	yew,	and	could	be	explained	by	the	milder	climatic	condi‐
tions	experienced	by	easternmost	populations	 since	 the	 long	past	
(Mayol	et	al.,	2015).
TA B L E  3  Candidate	pathways	for	polygenic	adaptation	in	Taxus baccata	after	removing	overlapping	genes	(“pruning,”	see	Daub	et	al.,	
2013)
Gene pathway
Pathway size before/after 
pruning Statistics tested p‐value
Q‐value (only 
values < 0.15)
circadian rhythm‐plant 6/5 πa/πs 0.005619 0.083
mRNA surveillance 7/7 πa/πs 0.003249 0.082
phagosome 8/6 πa/πs 0.004259 0.082
spliceosome 10/10 πa/πs 0.003789 0.082
Wnt signaling 10/10 πa/πs 0.000009 0.003
Oxidative phosphorylation 9/9 π 0.003099 0.073
flavonoid biosynthesis 10/10 π 0.003259 0.073
flavonoid biosynthesis 10/5 FuD* 0.000239 0.011
FuD*:	Fu	&	Li's	D*	(Fu	&	Li,	1993).	






     |  13MAYOL et AL.
Interestingly,	 despite	 the	 small	 current	 effective	 population	
size	 inferred	 for	most	 populations,	 we	 found	 evidence	 for	 poten‐
tially	adaptive	variation	at	both	the	phenotypic	and	molecular	level.	
Following	 theoretical	 considerations,	 Kawecki	 and	 Ebert	 (2004)	
suggested	 that	 convincing	 evidence	 for	 local	 adaptation	 requires	
testing	for	population	×	habitat	interaction	in	reciprocal	transplant	




for	 fitness	 in	 forest	 trees)	 of	 the	 Iberian	 yew	populations	was	 as‐
sociated	with	 the	 climatic	distance	between	 the	 site	of	origin	 and	
the	 conditions	 experienced	 in	 the	 common	environment,	 suggest‐
ing	 local	 adaptation.	 Similarly,	 the	 among‐population	 variability	 in	
shoot	elongation	and	male	strobili	maturation,	both	 linked	to	tem‐
perature	clines,	also	pointed	 to	 the	selective	effects	of	climate	on	
phenological	 patterns.	Compared	 to	more	 temperate	 coastal	 pop‐
ulations,	 those	 from	continental	 environments	 (colder	 and	 subject	
to	 more	 pronounced	 temperature	 variations)	 showed	 both	 faster	
growth	and	earlier	maturation	of	male	strobili	at	the	trial	site,	which	
again	 suggests	 that	 natural	 selection	 has	 favored	 genotypes	 opti‐
mized	to	the	short	 time	frame	available	 for	successful	growth	and	
reproduction.	 Of	 course,	 part	 of	 the	 observed	 variability	 among	
genets	and	populations	could	also	be	due	to	strong	maternal	clone	
effects	(C‐effects,	see	Burdon	&	Shelbourne,	1974).	These	transgen‐





while	 C‐effects	 cannot	 be	 fully	 ruled	 out,	 their	 importance	 is	 ex‐
pected	 to	 be	 relatively	 low,	 since	measures	 of	 plant	 performance	
were	obtained	from	plants	growing	on	a	common	environment	for	
10–15	years.	Many	studies	on	tree	species	have	also	reported	clinal	
patterns	 of	 phenotypic	 differentiation,	 in	 particular	 for	 phenolog‐
ical	and	 fitness‐related	 traits,	 suggesting	 that	 tree	populations	are	
locally	 adapted	over	 large	parts	of	 their	native	 ranges	 (see	 review	
in	Savolainen,	Pyhäjärvi,	&	Knürr,	2007;	Alberto	et	 al.,	 2013).	Our	
findings	for	English	yew	are	similar	to	these	studies	but,	unlike	many	
widespread	 “model”	 tree	 species,	 adaptation	 occurs	 in	 the	 face	





(discussed	 further	 in	 the	next	section)	and	 the	putative	pseudo‐re‐




(L.)	 Karst.	 (Gyllenstrand	 et	 al.,	 2014).	 In	 this	 conifer,	 PRR7	 shows	
partly	 conserved	 protein	 domains	 and	 displays	 diurnal	 rhythms	
of	 expression	 similar	 to	 those	 observed	 in	 Arabidopsis,	 although	
important	 differences	 exist	 between	 angiosperms	 and	 gymno‐
sperms	clock	systems	(Gyllenstrand	et	al.,	2014).
Interestingly,	a	significant	association	with	latitude	has	been	re‐
ported	 for	candidate	SNPs	at	 the	PRR7	gene	 in	European	popula‐
tions	of	Norway	spruce	(Chen,	Källman,	et	al.,	2012),	in	accordance	
with	the	pattern	detected	for	English	yew	and	annual	mean	precip‐










the	 common	garden,	 that	probably	 reflect	 the	overall	 response	of	
the	circadian	clock	genes	 to	 temperature,	 and	 the	variation	 found	
for	the	PRR7	gene	at	the	European	scale	in	response	to	precipitation.
Apart	from	PRR7,	several	other	candidate	genes	relevant	for	for‐
est	 tree	adaptation	were	detected	 in	our	study	 (Table	2).	Some	of	
these	genes	are	rapidly	activated	in	response	to	drought	stress	(early‐
responsive to dehydration stress	 (ERD4):	Alves	&	Fietto,	2013),	 cold	
acclimation	 (acetyl‐CoA carboxylase 1	 (ACC1):	 Amid,	 Lytovchenko,	
Fernie,	Warren,	 &	 Thorlby,	 2012;	Alternative oxidase 1A	 (AOX1A):	
Fiorani,	 Umbach,	 &	 Siedow,	 2005;	 Putrescine‐binding periplasmic 
protein‐related	(ENF2):	Cuevas	et	al.,	2008),	and	pathogen	effectors	
(Modifier of SNC1	(MOS1):	Li,	Tessaro,	Li,	&	Zhang,	2010),	while	oth‐
ers	 are	 central	 components	 of	 the	 regulatory	 network	 controlling	
leaf	 senescence	 in	 plants	 (senescence‐associated E3 ubiquitin ligase 
1	(SAUL1):	Lee	et	al.,	2016).	However,	despite	the	candidate	genes	
reported	in	this	study	provide	a	first	set	of	genes	to	further	explore	




theoretical	 and	 empirical	 studies	 suggest	 that	 accurate	 estimates	












it	 is	 based	 on	 the	 assumption	 that	 current	 distribution	 of	 English	
yew	has	been	 similar	 across	 the	different	Quaternary	periods.	On	
the	 other	 hand,	 the	 severe	 bottleneck	 that	 the	 populations	 have	
undergone	since	the	long	past	probably	has	contributed	to	the	loss	
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of	variants,	making	more	difficult	the	detection	of	signatures	of	se‐
lection	in	response	to	past	climate.	Despite	these	potential	caveats,	





interglacials	 (PRE,	LIG),	with	 two	of	 them	also	associated	with	 the	
same	environmental	variable	(i.e.,	precipitation	of	the	driest	month;	
Table	2).	This	could	just	reflect	a	higher	climatic	similarity	between	




suggesting	 that	water	 availability	 could	 have	 acted	 as	 a	more	 im‐








4.2 | Signature of polygenic adaptation in 
biological pathways
In	addition	to	single‐locus	methods,	we	also	applied	a	gene	set	en‐
richment	 test	 that	has	been	used	 successfully	 to	detect	polygenic	





catabolism	 (phagosome),	 genetic	 information	 processing	 (mRNA 






under	 rigorous	 functional	 or	 structural	 constraints.	 An	 additional	
pathway,	which	is	 involved	in	crucial	energy	metabolism	processes	
(Oxidative phosphorylation),	showed	significant	 lower	overall	values	


















Gigantea	and	the	pseudo‐response regulators 1, 3, and 7	(π = 0.0016 
vs.	π	=	0.0031,	respectively;	Källman	et	al.,	2014).	Accordingly,	the	
signals	of	diversifying	selection	are	mostly	identified	in	downstream 




(π	=	0.0011).	 In	addition,	 the	 ratio	of	nonsynonymous	to	synony‐
mous	variation	for	the	PRR7	gene	was	between	5–30	times	greater	
than	that	of	the	other	genes	in	this	pathway,	suggesting	that	func‐
tional	 constraints	 for	 this	 particular	 gene	 might	 be	 much	 more	
relaxed	 (Table	S5).	 In	 fact,	 results	 for	both	P. abies and T. baccata 
are	 in	 agreement	with	 the	 prediction	 that	 selective	 constraint	 is	
progressively	relaxed	along	metabolic	pathways	because	upstream 






but	 see	Olson‐Manning,	 Lee,	 Rausher,	&	Mitchell‐Olds,	 2013	 for	
glucosinolate	pathway	in	Arabidopsis thaliana).
Finally,	 the	 flavonoid biosynthesis	 pathway	 had	 significantly	
higher	 values	 for	 overall	 nucleotide	 diversity	 (π)	 and	 Fu	&	 Li's	D*,	
pointing	 to	 divergent	 selection	 acting	 across	 English	 yew's	 geo‐
graphic	range.	Flavonoids	are	plant	secondary	metabolites	that	are	
involved	in	a	wide	array	of	biological	functions,	including	protection	
against	 ultraviolet	 (UV)	 radiation	 and	 phytopathogens,	 signaling	
during	nodulation,	pollen	fertility,	auxin	transport	and	coloration	of	
flowers,	 fruits	 and	 seeds	 (Falcone	 Ferreyra,	 Rius,	&	Casati,	 2012).	
Interestingly,	neither	analysis	at	the	SNP	nor	at	the	single‐gene	level	
showed	 significant	 signatures	 of	 selection	 for	 any	 of	 the	 genes	 in	
this	pathway.	Thus,	our	approach	of	testing	for	selection	at	the	path‐
way	level	may	have	allowed	us	to	identify	genetic	responses	to	the	






environment,	 including	 day	 length,	 light	 quality,	 water	 availability	
and	temperature,	as	well	as	local	pathogens.	It	is	thus	possible	that	
the	higher	overall	nucleotide	diversity	and	Fu	&	Li's	D*	values	reflect	
slight	 changes	 of	 allele	 frequency	 but	 at	many	 genes	 at	 the	 same	
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time,	 which	 is	 difficult	 to	 identify	 with	 conventional	 single‐locus	
approaches	 (Pritchard	et	 al.,	 2010).	This	opens	a	promising	 line	of	
research	to	be	applied	to	other	nonmodel	forest	trees.
4.3 | Concluding remarks
Our	 rangewide	 study	 in	English	yew	using	a	 large	number	of	SNP	
markers	 allowed	 us	 to	 confirm	 an	 overall	 demographic	 history	















be	useful	 to	detect	 selection	 in	nonmodel	 species	 for	which	com‐
mon	gardens	and	genomic	resources	are	limited.	Such	an	approach	
can	also	help	the	field	to	advance	beyond	correlational	“black‐box”	








English	 yew,	 which	 is	 protected	 by	 environmental	 laws	 in	 several	
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